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SUMMARY

Located at the easternmost passive margin of the Eurasian Plate, the southeastern Ko-
rean Peninsula shows geological signatures consistent with Miocene backarc opening as-
sociated with the Pacific Plate subduction. The region comprises two contrasting crustal
blocks—the Early Cretaceous Gyeongsang Basin and Miocene Yeonil Basin (YB)—and
hosts multiple fault systems that record both extensional and contractional deformation,
providing an ideal setting to investigate crustal evolution along a passive margin. Moti-
vated by this complex setting, we performed high-resolution P-receiver function imag-
ing using a dense broad-band seismic network. Our results reveal two Moho offsets: a
western offset from 33 to 28 km, and an eastern offset from 28 to 26 km, coinciding with
major fault zones and likely reflecting localized crustal thinning and subsequent reactiva-
tion. Crustal anisotropy, inferred from changes in fast-axis orientations, varies spatially,
with Miocene fossil anisotropy in the GB and both fossil and present-day stress-induced
anisotropy in the YB. Variations in P-to-S velocity ratio (Vp/Vs) reflect compositional het-
erogeneity and fault-related fracturing. Large earthquakes (M > 4) occurred in low-Vp/Vy
zones associated with relatively rigid and possibly locked crustal segments, while high-
Vp/Vs regions coincide with zones of crustal weakening and microseismicity. Our find-
ings suggest that extension-related deformation and inherited structural heterogeneity are
preserved within the crust of this fossil backarc system, linking past tectonic processes to
present-day structure and seismicity.

Key words: Body waves; Crustal imaging; Moho depth; Seismic anisotropy; Backarc
basin processes; Crustal structure.

Eurasian Plate (Fig. 1a), the region preserves a deformed crust

1 INTRODUCTION

Passive continental margins preserve long-lived structural and
compositional imprints of lithospheric evolution, in contrast to
active plate boundaries where ongoing deformation continually
reshapes the lithosphere. High-resolution imaging of crustal ve-
locity structures can therefore provide important insights into
their tectonic histories. However, such studies have remained
limited, largely due to the relatively sparse distribution of seis-
mic stations compared with active plate boundary regions.

In this context, the southeastern Korean Peninsula provides
a valuable example for understanding passive margin crustal
structures. Located at the easternmost passive margin of the

shaped by a complex tectonic history spanning from the Per-
mian to the Miocene. The region is characterized by arc-related
magmatism (K. Yi et al. 2012; H.O. Choi, S.H. Choi & S.S. Kim
2021), sedimentary basin formation (S. Chough et al. 2000; Y.
Cheon et al. 2020; Y.I. Lee, J.I. Lee & Y.S. Choi 2023), dextral
and sinistral strike-slip faulting under changing stress regimes
(B.H. Hwang et al. 2007, 2008; Y. Cheon et al. 2019), backarc
extension (Y.-I. Otofuji & T. Matsuda 1983, 1987; Y.-I. Otofuji,
T. Matsuda & S. Nohda 1985; S. Lallemand & L. Jolivet 1986;
L. Jolivet et al. 1992; L. Jolivet, K. Tamaki & M. Fournier 1994)
and subsequent tectonic inversion into a compressional stress
regime (J.H. Choi et al. 2015; M. Son et al. 2015; Y. Cheon et al.
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Figure 1. Maps of the study region and the distribution of seismic stations and earthquakes. (a) Tectonic framework of the Korean Peninsula with
the inset indicating its position west of the Japan subduction zone, where the Pacific (PA) and Philippine (PH) plates subduct beneath the Eurasian
plate (EA). Our study region, highlighted in the southeastern Korean Peninsula, includes the Gyeongsang Basin (GB) and the Yeonil Basin (YB). The
focal mechanism of the My 5.5 earthquake on 2016 September 12 is shown (Y. Kim et al. 2016). The ENE-WSW orientation of maximum horizontal
compressional stress (Sumax) is also indicated (Y. Park, J.-H. Ree & S.-H. Yoo 2006). (b) Map showing the distribution of seismic stations from the
Gyeongju Hi-density Broad-band Seismic Network (GHBSN), marked with squares, overlaid on lithology and fault structures. Solid lines indicate
fault zones; the dashed line indicates the Yeonil Tectonic Line (YTL), a geological boundary between GB and YB. (c) Distribution of 420 teleseismic
earthquakes (epicentral distance of 30°-90°) used for RF analysis. Abbreviations: YM—Yeongnam Massif; YSF—Yangsan Fault; USF—Ulsan Fault;
JiF—1Jain Fault; MiRF—Miryang Fault; MoRF—Moryang Fault; OCF—Ocheon Fault.

2023). Although the region has transitioned into a tectonically
stable setting since the Miocene, major fault systems—most no-
tably the Yangsan and Ulsan faults—remain capable of generat-
ing significant seismic events, such as the 2016 My 5.5 Gyeongju
earthquake (Y. Kim et al. 2016; 2017; K.-H. Kim et al. 2018; J.U.
Woo et al. 2019). As a passive continental margin that has expe-
rienced multiple tectonic episodes, this region retains long-lived
deformation imprints, highlighting the need for high-resolution
imaging to characterize its crustal structure. Such imaging not
only resolves its structures but also offers insights applicable
to other passive margins. In this study, we construct a detailed
model of the crustal architecture using data acquired from the
Gyeongju Hi-density Broad-band Seismic Network (GHBSN), a
dense array of 200 broad-band stations with an average inter-
station spacing of approximately 4.5 km (Fig. 1b), which were
sequentially deployed from November 2017 in the aftermath of
the 2016 Gyeongju earthquake.

The geophysical properties of the eastern Korean Peninsula
show distinct signatures of past tectonic processes, particularly
those associated with Miocene extension. Crustal thinning along
the eastern margin of the peninsula has been attributed to this
event (S.J. Chang & C.E. Baag 2007), accompanied by mantle up-
welling, as inferred from regional gravity anomalies (S. Choi et
al. 2023). Ambient noise tomography further indicates that con-
tinental rifting during the backarc opening facilitated magmatic
underplating beneath the Moho and associated crustal uplift (S.
Park & T.K. Hong 2024). P, attenuation tomography reveals low
P-wave quality factor (Qp) beneath the offshore region of the
East Sea (Sea of Japan), indicating strong attenuation and signif-
icant seismic energy loss, as well as low P,, velocity anomalies in
the uppermost mantle beneath the southeastern peninsula (G.
Yang et al. 2022). These features are interpreted as evidence of
high thermal anomalies associated with upwelling of hot man-
tle material. Such thermal anomalies are thought to be related
to horizontal mantle flow driven by slab rollback, contributing
to the backarc opening during the Miocene (G. Yang et al. 2022).
Rayleigh-wave anisotropic tomography reveals NW-SE-oriented

fast directions in the southern East Sea, interpreted as fossilized
lattice-preferred orientation (LPO) formed during the opening
of the East Sea (X. Liu & D. Zhao 2016). Additionally, P-wave
traveltime tomography indicates low velocity anomalies in the
upper mantle at depths of ~45 km, interpreted as evidence for
weak mantle rheology resulting from partial melt and/or ele-
vated temperature in the study region (S. Lee et al. 2023).

These geophysical observations are interpreted in the context
of Pacific Plate subduction dynamics. Following the cessation of
the Izanagi Plate subduction, the Pacific Plate began to subduct
beneath the Eurasian Plate around 60 Ma (M. Seton et al. 2012;
S. Liu et al. 2017; K. Liu et al. 2020; K. Yamaoka & S.R. Wal-
lis 2023). The progressive steepening of the Pacific Plate’s sub-
duction angle, beginning around 30 Ma, caused slab rollback,
which in turn facilitated mantle thermal upwelling and trig-
gered backarc extension (Y.-I. Otofuji & T. Matsuda 1983, 1987,
Y.-I. Otofuji et al. 1985; S. Lallemand & L. Jolivet 1986; Y. Tat-
sumi et al. 1989; L. Jolivet et al. 1992, 1994). This process, occur-
ring over a relatively brief interval between the late Oligocene
and middle Miocene (23-17 Ma), ultimately resulted in conti-
nental rifting and the separation of the Japanese Islands from
the Eurasian Plate. This tectonic episode is widely regarded as
the most significant geodynamic event in the western Pacific
during the Miocene (T. Yamamoto & N. Hoang 2009; A. Van
Horne, H. Sato & T. Ishiyama 2017), establishing the present-day
eastern margin of the Eurasian Plate. Given its timing and geo-
logical impact, this event provides the primary tectonic frame-
work for interpreting the present-day crustal structure in the re-
gion.

Within this broader geodynamic setting, the crustal blocks of
our study region preserve distinct tectonic histories shaped by
both Cretaceous and Miocene processes. The Gyeongsang Basin
(GB), a non-marine sedimentary basin, was formed during the
Early Cretaceous (~120 Ma) as a result of Izanagi slab rollback
(S.K. Chough & Y.K. Sohn 2010; Y. Cheon et al. 2020; Y.I Lee et
al. 2023). In contrast, the Yeonil Basin (YB), located east of the
Yeonil Tectonic Line (YTL), was affected by Miocene (~20 Ma)
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backarc extension, which led to the deposition of sedimentary
rocks and volcanism (Fig. 1b). Seismic velocity models reveal
slower P- and S-wave velocities in the upper crust of the YB
compared to the GB, which are attributed to the presence of rela-
tively unconsolidated Miocene sediments in the YB (S. Kim et al.
2016; S. Lee et al. 2023). Geophysical evidence further supports
a boundary along the YTL: palacomagnetic data from Tertiary
rocks indicate north-oriented remanent magnetization west of
the YTL and northeast-oriented magnetization to the east (L.-S.
Kim et al. 1998; Y.S. Lee, N. Ishikawa & W.K. Kim 1999; M. Son
et al. 2015). Despite their geographic proximity, the GB and YB
record contrasting tectonic histories influenced by the backarc
opening, providing constraints on the mechanisms of backarc
extension, block rotation and subsequent crustal deformation.

Our study region is characterized by two major fault systems:
the Yangsan Fault System (YFS) and the Ulsan Fault (USF),
which have played a significant role in the region’s tectonic evo-
lution (J.-H. Ree et al. 2003; J.H. Choi et al. 2015). The YFS
is a NNW-SSE-trending strike-slip system, comprising several
subfaults, including the Jain Fault (JiF), Miryang Fault (MiRF),
Moryang Fault (MoRF) and the Yangsan Fault (YSF) (Fig. 1b).
Among these, the YSF is the primary structure within the YFS,
extending over ~200 km, while the other faults (JiF, MiRF and
MOoRF) are located to its west (Fig. 1b). East of the YSF lies the
USF, a NNE-SSW striking low-angle thrust fault whose defini-
tion and characteristics remain a matter of debate.

Geophysical observations suggest fault-related anomalies
along these systems. A low-velocity zone in the lower crust be-
neath both YSF and USF has been interpreted as a shear zone
and/or a fluid-rich region (S. Lee et al. 2023). Geochemical evi-
dence further suggests the ascent of mantle-derived fluids, con-
sistent with the interpretation of this low-velocity zone as a
fluid-rich domain and implying that the YSF penetrates into the
lower crust (H. Lee et al. 2019; H. Kim et al. 2024). This inter-
pretation is further supported by elevated heat flux anomalies
observed along the fault zone (H.C. Kim & Y. Lee 2007; Y. Lee et
al. 2010). Seismicity patterns also reveal that, although the USF
is mapped at the surface as a linear low-angle thrust fault, its
hypocentres are widely dispersed rather than confined to a sin-
gle plane (D. Heo et al. 2024; J. Han et al. 2024). This contrast in-
dicates that subsurface structure is markedly more complex than
the surface mapping suggests. Geological observations comple-
ment these findings. Surface geology shows ~20-30 km of lat-
eral offset along the YSF, interpreted as the result of long-term
strike-slip motion between ~50 and 30 Ma, prior to the Miocene
backarc opening (B.H. Hwang et al. 2007, 2008; Y. Cheon et al.
2020). This long-term movement produced a weak zone along
the fault, which is further supported by drill core evidence of
damage zones and localized magmatic intrusions (C.M. Kim et
al. 2022). In contrast, recent studies suggest that the USF evolved
into a thrust fault through the reactivation of a crustal weak zone
initially formed during the backarc opening, following its cessa-
tion and transition to the present-day ENE-WSW compressional
stress regime (J.-H. Ree et al. 2003; N. Kim et al. 2023; Y. Cheon
et al. 2023).

In this study, we examine (1) the interaction between backarc
extension and pre-existing weak zones, (2) the role of crustal
anisotropy as evidence for extension-related deformation and (3)
spatial variations in the P-to-S velocity ratio (Vp/Vy) as indicators
of compositional and mechanical heterogeneities inherited from
backarc processes. These factors have possible implications for
present-day seismicity in this passive continental margin.
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2 DATA

Following the largest recorded earthquake in South Korea—
a moment magnitude (Mw) 5.5 that struck Gyeongju on 2016
September 12—the GHBSN was established in September 2017
to evaluate potential seismic hazards through dense observa-
tions of microseismicity. The GHBSN is centred around the
epicentral region of the 2016 Gyeongju earthquake, covering a
60 km by 60 km area (Fig. 1b), with an average interstation spac-
ing of 4.5 km and a sampling rate of 200 Hz. The network in-
stallation began on 2017 November 1 near the epicentral region,
and was progressively expanded outward to cover a broader area.
The deployment proceeded in several phases associated with
rapid increases in the number of operating stations. Phase I in-
volved the initial pilot installation, during which seven stations
were deployed between 2017 November 1 and 2019 January 31.
Phase II began on 2019 February 1, when the network expanded
to 42 stations by 2019 March 16. Phase III marked the primary
expansion stage: the number of operating stations increased to
117 on 2019 March 17 and reached the full 200 stations by 2019
September 7 (D. Heo et al. 2024). Station-specific deployment pe-
riods and location information are provided in Table S1.

In this study, we retrieved 647 teleseismic earthquakes of
My > 5.8, occurring between December 2017 and October 2023,
with epicentral distances of 30°-90°, in order to minimize the
effects of upper-mantle discontinuities on wave propagation
(Fig. 1c).

3 METHOD

3.1. Receiver functions

Receiver functions (RFs) are highly sensitive to seismic veloc-
ity discontinuities within the Earth’s subsurface. In the P-wave
RF method, the radial and tangential components are decon-
volved by the vertical component to isolate converted phases.
The P-to-S converted phase (Ps, referred to as Pms when gener-
ated at the Moho discontinuity) and reverberation phases (PpPs
and PpSs + PsPs) between the Earth’s surface and subsurface
discontinuities can be identified in the radial RFs (Fig. 2a). This
approach allows estimation of the depth of the velocity disconti-
nuity based on the arrival time differences between the direct P
phase and its converted phases. The amplitudes of the converted
and multiple phases further help constrain the physical proper-
ties of the subsurface layers (Fig. 2c; C.A. Langston 1979; C.J.
Ammon 1991; S. Rondenay 2009).

RF analysis also provides a useful tool for identifying crustal
seismic anisotropy. In an isotropic medium, radial RFs ex-
hibit no significant backazimuthal variation, and tangential RFs
show negligible energy (Fig. S2a). In contrast, the presence of
seismic anisotropy leads to backazimuthal variations in radial
RFs and substantial energy in tangential RFs (Fig. S2b; A.W.
Frederiksen & M.G. Bostock 2000). Analysing these variations
allows for constraining azimuthal anisotropy, which provides
critical insights into crustal deformation and related tectonic
processes (H. Liu & F. Niu 2012; V. Schulte-Pelkum & K.H. Ma-
han 2014; J. Li et al. 2019).

RFs are influenced not only by vertical structure but also by
lateral variations in Moho geometry. In the presence of a Moho
offset (Fig. 2b), diffracted Pms phases appear as split pulses in
the radial RFs, observable within specific backazimuthal ranges
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Figure 2. Synthetic RFs for flat and step-like Moho models. (a) Ray paths of an incident plane P wave and its P-to-S conversions beneath a flat Moho at
30 km depth. The piercing point radius of the Pms phase beneath the station (square) is approximately 8 km. (b) Ray paths for a step-like Moho, where
the Moho depth transitions from 40 km to 30 km below the station. (c) Synthetic radial RF for the flat Moho model shown in (a), computed assuming
a slowness of 0.06 s km~1. The P, Pms, PpPs + PpSs phases are shown. (d) Synthetic RFs plotted against slowness for the step-like Moho model with
western incidence, as illustrated in (b). The Pms near 4 s shows gradual variations in lagtime and amplitude with slowness. (e) Same as (d), but for
eastern incidence. The Pms arrival is split into two positive pulses at 3.2-3.5 s and 5.8-6.1 s, and the time interval between the pulses becomes larger at
higher slowness. All synthetic RFs are calculated using a Gaussian filter width of 2.5 and are scaled by the amplitude of the P-wave arrival. Vp: P-wave

velocity; Vs: S-wave velocity; p: density.

of teleseismic events (Figs 2d and e), providing additional con-
straints on Moho structural complexities (Z. Yan & R.W. Clayton
2007; D. Shi et al. 2009). For the idealized step-Moho geometry
shown in Fig. 2(b), where the Moho is deeper to the west and
shallower to the east, RFs sampling from western backazimuths
are expected to show a single Pms phase (Fig. 2d), whereas RFs
from eastern backazimuths may exhibit split Pms phases due to
diffraction at the Moho step (Fig. 2e). The systematic moveout of
the split Pms pulses with slowness is consistent with diffraction-
generated phases at a Moho step, which strongly depend on the
incident angle. Such slowness-dependent shifts are reproduced
in our synthetic tests only when a Moho offset exists (Fig. 2e),
and have also been reported in previous studies (e.g. Z. Yan &
R.W. Clayton 2007).

3.2. Pre-processing and receiver function calculation

Three-component seismograms were extracted from -30 to
90 s relative to the theoretical P-wave arrival time, calculated
based on the IASP91 global model (B.L.N. Kennett & E.R.
Engdahl 1991). The traces were then tapered, de-trended and
bandpass filtered at 0.05-1 Hz (P. Goldstein & A. Snoke 2005; M.
Beyreuther et al. 2010). We rotated the horizontal components
of North and East to radial and tangential components using the
misorientation angles reported by M.-S. Seo et al. (2022) with
a particle motion-based method and re-evaluated in this study
using an RF-based correlation-coefficient approach. Starting

in April 2021, we observed that the tangential RF amplitude at
0 s exceeded that of the radial component at certain stations
(e.g. Fig. Sla), which we interpreted as evidence of orienta-
tion changes. To correct these misorientations, we applied a
grid-search method that maximized correlation coefficients of
both radial and tangential waveforms (filtered between 0.05 and
1 Hz) between the target station and its nearby stations. Correla-
tions were computed within a —20 to 20 s window relative to the
theoretical P-wave arrival, with equal weighting for both compo-
nents. The final orientation angle at each station was calculated
as the circular mean of the grid-search results. Six stations devi-
ated by more than 20° from the angles reported by M.-S. Seo et al.
(2022); their codes and correction periods are listed in Table S2.
Radial RFs were computed by deconvolving the radial compo-
nent by the vertical component using the iterative time-domain
method (J.P. Ligorria & C.J. Ammon 1999), and tangential RFs
were similarly derived. A Gaussian filter with a width parameter
of 2.5 was applied to all RFs, and the RFs were normalized by
the amplitude of the direct P arrival. Only high-quality RFs,
identified through manual inspection for clear Pms phase ar-
rivals, were retained. After quality control, 19 616 pairs of radial
and tangential RFs were obtained for subsequent analysis.

3.3. Stacking receiver functions

To estimate the Moho depth beneath each station, we employed
both the H-« stacking method (L. Zhu & H. Kanamori 2000) and
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station-based stacking to capture regional trends and local vari-
ations in crustal structure. The H-« method provides average
crustal thickness (H) and Vp/Vs (k) beneath each station. Vp/Vs
serves as a proxy for crustal composition (e.g. silica content), of-
fering insights into regional tectonics. On the other hand, the
station-based stacking method allows for high-resolution imag-
ing of Moho geometry, including localized offsets, and reveals
lateral variations in crustal thickness that reflect complex defor-
mation processes.

3.3.1. H-« stacking method

This technique exploits the property that the arrival times of the
direct P-to-S converted phase at the Moho (Pms) and its multi-
ples (PpPs and PsPs + PpSs) vary systematically with slowness
in the H-«x domain. This allows us to determine the optimal H-«
pair that best fits each phase arrival, thereby effectively mitigat-
ing the trade-off between H and «.

In this analysis, we assumed a Vp of 6.3 km s~ for the crust,
which is the average crustal velocity in the Korean Peninsula
(SJ. Chang & C.E. Baag 2006, 2007), such that the obtained
Vp/Vs reflects variations in Vs. In addition, weighting factors of
0.7, 0.2 and 0.1 were assigned to Pms, PpPs and PsPs + PpSs,
respectively, to optimize the stacking. To verify the reliability
of the estimated H and V»/Vs, we compared the theoretical ar-
rival times of Pms and its multiples to those observed in the RFs,
using the following traveltime equations (Figs S3c and d; A.-W.
Frederiksen & M.G. Bostock 2000):

L =tp = H |:\/st2 —p - \/Vp—z _ pz:|
by = tp,p = H |:\/st2 —p 4+ \/Vp—z _ pz}

t3 = tppgipysg = 2H\ |V — p2, €Y)

where p is the slowness for each RF.

Uncertainties in H and Vp/Vs were obtained by dividing the
standard deviation of stacked RFs in the H-x domain by the
square root of the number of events, representing a 68.3 per cent
confidence interval (Figs S3a and b). The average horizontal dis-
tance between the piercing point of the Pms phase and its cor-
responding station is approximately 8 km (Fig. 2a), which we
adopt as the effective radius of the H-« stacking result. In re-
gions where effective radii overlap, results were smoothed using
weighting factors inversely proportional to both the square of
the uncertainty and the distance from the station.

3.3.2. Station-based stacking

To enhance signal clarity and capture spatial variations in Moho
depth, we performed station-based stacking after converting the
time axis to depth using a regional 3-D velocity model (S. Kim et
al. 2016). We converted time to depth using 1-D velocity profiles
sampled from the 3-D model at each station. To investigate po-
tential Moho offsets, we further divided the RFs by backazimuth
into eastern (0°-180°) and western (180°-360°) groups and per-
formed separate stacking for each group.

3.4. 2-D synthetic modelling

We performed 2-D waveform simulations using the OpenSWPC
code (T. Maeda et al. 2017), a finite difference method-based
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solver for 2-D elastic wave propagation, to investigate the ef-
fects of a step-like Moho geometry on P-to-S converted phases.
This synthetic modelling illustrates how lateral variations in
Moho depth influence the appearance of split Pms phases as a
function of backazimuth and incident angle. The synthetic RFs
were computed using the velocity model shown in Fig. 2(b). The
crustal velocity model assumes a Vp of 6.3 km s™1, and a V/V; of
1.73 (ideal Poisson solid) for deriving V. The uppermost man-
tle velocity is adopted from the TASP91 model (B.L.N. Kennett &
E.R. Engdahl 1991). Density values for each layer are calculated
using the empirical relation p = 0.32Vp + 0.77 (K.-A. Berteussen
1977). A source wavelength of 15 km was prescribed, which re-
sults in frequency content up to 1.058 Hz. For synthetic RFs, a
Gaussian filter width of 2.5 was applied, and the RFs were nor-
malized by the amplitude of the direct P arrival to enable con-
sistent amplitude comparison of Moho-converted phases.

3.5. Estimating crustal anisotropy from joint analysis of
the radial and tangential receiver functions

To quantify crustal anisotropy beneath each station, we ap-
plied the joint analysis of radial and tangential receiver function
method of H. Liu & F. Niu (2012), which evaluates how seis-
mic energy partitions between the two components as a func-
tion of backazimuth. In isotropic media, the tangential RF ide-
ally contains no coherent energy (Fig. S2a); therefore, any sys-
tematic signal on this component indicates directional velocity
dependence or structural dipping (Fig. S2b). By analysing these
azimuthal variations, the method enables robust estimation of
the fast symmetric axis (FSA) and delay time (§t), the two key pa-
rameters characterizing crustal anisotropy. This framework pro-
vides a physically consistent way to distinguish anisotropy from
structural dipping and to assess the strength of anisotropic de-
formation.

Following the H. Liu & F. Niu (2012) framework, we per-
formed a grid search over (FSA, §t) pairs and selected the com-
bination for which the corrected radial and tangential RFs max-
imized radial coherence and minimized tangential energy (Fig.
S2c¢). The procedure begins with a moveout correction to mini-
mize slowness-related variation in Pms arrival times. The radial
and tangential RFs are then projected onto fast and slow com-
ponents based on an assumed (FSA, §t), and subsequently re-
projected back to produce ‘corrected’ radial and tangential RFs.

When the optimal (FSA, §t) pair is applied, the Pms phases in
the corrected radial RFs align at a constant arrival time when
sorted by backazimuth, while the Pms amplitudes in the cor-
rected tangential RFs are minimized. This principle forms the
basis of the following three criteria used to estimate FSA and
8t. First, the radial energy maximization with cosine moveout
correction criterion (max(RCOS)) searches for the (FSA, §t) pair
that maximizes the stacked Pms amplitude from the corrected
radial RF, normalized by the amplitude in the uncorrected radial
RF. Secondly, the radial correlation-coefficient maximization
criterion (max(RCC)) maximizes the summed correlation coeffi-
cients among the corrected radial RFs, normalized by those from
the uncorrected RFs. Thirdly, the tangential energy minimiza-
tion criterion (min(T energy)) minimizes the stacked energy in
the corrected tangential RFs, normalized by that in the uncor-
rected RFs.

While each criterion can independently determine (FSA, §t)
pair, we adopted a joint objective function (JOF) combining the
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Figure 3. Constraints on the Moho depth (H) and P- to S-wave velocity ratio (x; Vp/Vs) using the H-« stacking method (L. Zhu & H. Kanamori 2000).
(a) Interpolated H using all 200 stations shown in Fig. 1(b). Thirty-two stations showing split Pms phases are marked with open squares. Stations north
of 35.9°N marked by open squares with an overlaid cross represent local Moho geometries that differ from the regional pattern. Red squares with bold
outlines mark stations where the second Pms peak has a statistically larger amplitude than the first. (b) Interpolated V»/Vs distribution. Yellow stars
indicate four earthquakes with magnitudes greater than 4.0; the star labelled 1 marks the My, 4.2 earthquake on 1997 June 26 (T.W. Chung & W.H. Kim
2000), while labels 2, 3 and 4 correspond to the foreshock (My 5.1), the main shock (Mw 5.5), and the largest aftershock (Mw 4.3) in September 2016,
respectively (Y. Kim et al. 2016, 2017). Open circles represent smaller seismic events (M < 4.0) which occurred from November 2017 to December 2021
(D. Heo et al. 2024). Examples of H-« stacking results for stations N051 and N117 are shown in Fig. S3. JiF: Jain Fault; MiRF: Miryang Fault; MoRF:

Moryang Fault.

three criteria with different weighting factors. Due to high noise
levels in the tangential RFs, we assigned weighting factors of
0.5, 0.4 and 0.1 to max(RCOS), max(RCC) and min(T energy),
respectively. A grid search was performed over the parameter
space, varying FSA from 0° to 360° in 1° increments and §t
from 0.0 to 1.5 s in 0.01 s increments. All criteria were evalu-
ated within a fixed time window of 2-6 s, which is sufficiently
broad to accommodate +5t/2 shifts around the typical Pms ar-
rival time (3-5 s) observed in previous RF studies in the Ko-
rean Peninsula (e.g. S.J. Chang & C.E. Baag 2007). Due to the
inherent 180° symmetry in azimuthal anisotropy, the JOF pro-
vides two equivalent maxima at FSA and FSA + 180°, which are
treated as one solution. The peak amplitude of the JOF reflects
the strength of anisotropy; only measurements with JOF am-
plitudes exceeding 1.1 are considered reliable. Finally, we val-
idated the anisotropy estimates by comparing observed RFs to
synthetic RFs generated using the Raysum code (A.W. Frederik-
sen & M.G. Bostock 2000), with isotropic parameters from H-«
stacking and anisotropic parameters derived from the joint anal-
ysis.

4 RESULTS

4.1. General trend of the Moho depth from H-« stacking

Our H-« stacking results reveal clear regional variations in
crustal properties. The uncertainties in H and « are sufficiently
small to permit meaningful interpretation. Across the study re-
gion, both H and V5/V; exhibit significant lateral variation, with
Moho depths ranging from 24 to 34 km (Fig. 3a) and Vp/V; from
1.70 to 1.90 (Fig. 3b). A first-order observation reveals a general

eastward shallowing of the Moho. To quantify this trend, we per-
formed a planar fitting analysis in Cartesian coordinates, which
yielded a dip of 6.7° towards the west-northwest (Fig. 3a).

4.2. Spatial variation of P-to-S wave velocity ratio

The average Vp/Vs in our study region is estimated to be 1.82.
Locally, low Vp/V; values (< 1.73) are observed near the epicen-
tral areas of the 1997 and 2016 Gyeongju earthquakes—Ilabelled
1 through 4 in Fig. 3(b)—as well as near the intersection of the
YSF and USF near 35.9°N, 129.2°E. In contrast, high Vp/Vs re-
gions (> 1.85) are found near the MiRF and MoRF, and in the
eastern region of the USF around 35.75°N, 129.4°E. These high
Vp/Vs regions generally correspond to areas of high seismic-
ity of magnitude lower than 4, with the exception of the 2016
Gyeongju aftershock zone and the YSF-USF intersection zone.

4.3. Observation of a two-step-like Moho geometry

RFs stacked using the station-based method reveal a dipping
Moho discontinuity along profiles A-A’, B-B’, C-C’ and D-D/,
which are aligned roughly parallel to the dip direction (Fig. 4a).
Positive Pms phases appear at depths of 26-33 km and system-
atically shallow eastwards along these profiles (Figs 4b-e), sug-
gesting the presence of sharp vertical offsets over short horizon-
tal distances.

As described in Section 3.3.2, Moho offsets can produce az-
imuthal variations in the Pms arrival. To investigate this, RFs
were divided by backazimuth into eastern (0°-180°) and west-
ern (180°-360°) groups and stacked separately (Fig. 5). Fig. 5(a)
schematically illustrates symmetric Pms expected from a flat
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Figure 4. Station-stacked radial RFs. (a) Locations of stations and profiles A-A’, B-B/, C-C’ and D-D'. Stations are categorized based on Pms phase
characteristics: stations with single Pms phases are shown as white squares, while those with split Pms are shown as coloured squares. Among the
split-phase stations, those near the YSF are marked in light blue, and those near the USF in purple. (b-e) Station-stacked radial RFs along profiles (b)
A-A’, (c) B-B/, (d) C-C’ and (e) D-D'. Dashed lines indicate interpreted Moho discontinuities.

Moho, whereas Fig. 5(b) shows split Pms for a step-like Moho
geometry. In the latter case, an earlier high-amplitude pulse is
followed by a later low-amplitude pulse (Fig. 5b, black dot) due
to diffraction across a sharp vertical offset.

In A-A’ (Figs 5c and d), vertical offsets of ~5 km (between 13
and 18 km) and ~2 km (around 35 km) are visible in both west-
ern and eastern backazimuth stacks. Similarly, in C-C’ (Figs 5e
and f), offsets of ~5 km (between 18 and 23 km) and ~2 km
(between 32 and 35 km) are observed. Notably, the split Pms
phases are more prominent in the eastern stacks (Figs 5d and
f). Likewise, RF stacks for B-B’ and D-D’ profiles, divided by
backazimuth, are shown in Fig. S4. The 32 stations exhibiting
split Pms are shown in Fig. 4(a). These stations display split
pulses in the eastern backazimuths, indicating that the shal-
lower side of the Moho offset lies eastwards (Figs 2d and e).
This spatial pattern is consistent with the overall eastward shal-
lowing trend of the Moho, as inferred from the H-« results
(Fig. 3a).

To ensure that these split phases are not artefacts of stacking,
we examined their backazimuthal and slowness dependence.
For instance, station N058 displays a single, unsplit Pms phase
(Fig. 6a), while stations N111 and N044 show clear Pms split-
ting in the 0°-180° range (Figs 6b and c), despite limited az-
imuthal coverage. Additional examples of stations showing split
Pms in the eastern backazimuths, similar to N111, are presented
in Fig. S5. Importantly, the split phases are evident even in
individual (unstacked) RFs (Figs 6d and e). Slowness-domain
plots for N111 and N044 (Figs 6d and e) reveal slightly diverg-
ing slopes, consistent with diffraction from a step-like Moho
(Z. Yan & R.W. Clayton 2007), as schematically illustrated in
Fig. 2(b).

Based on the spatial distribution and vertical extent of the
offsets, we categorized the step-like features into two groups:
a western offset group and an eastern offset group. Of the 32
stations exhibiting split Pms phases, 28 are associated with the
western group (sky blue in Fig. 4a) and 4 with the eastern group
(purple in Fig. 4a), reflecting the concentration of larger step-
like features in the western part of the study region. The west-
ern group exhibits larger vertical offsets (~5 km) and follows a
NNE-SSW trend, consistent with fault strike trends of the JiF,
MiRF, MoRF and YSF within the YFS. In contrast, the eastern
group, located near the USF, shows smaller vertical offsets of
~2 km. The smaller offset is associated with less pronounced
Pms splitting, often appearing as a broadened pulse rather than
two distinct arrivals (Fig. 6e).

Stations exhibiting split Pms phases were excluded from the
H-« stacking and crustal anisotropy analyses (open squares in
Figs 3a and 7a). Because split Pms phases do not show a sin-
gle, well-defined arrival, reliable Pms timing is difficult to ob-
tain and the timing of associated multiples can also be affected
(Fig. S5). Additional details are provided in Figs S6, S7, S8 and
Text S1.

4.4. 2-D synthetic tests for split Pms phases associated
with a step-like Moho

The spatially localized occurrence of split Pms phases, observed
at only a subset of stations, suggests lateral variations in Moho
depth. Motivated by the diffraction-like characteristics observed
in eastern backazimuth RFs, we now assess the interpretation of
the split Pms phases using the 2-D synthetic modelling.
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Figure 5. Station-stacked radial RFs stacked in two different backazimuth ranges. (a) Flat Moho characterized by a single Pms arrival with no direc-
tional dependence. (b) Step-like Moho, showing a single Pms on the western (deeper) side and split Pms on the eastern (shallower) side. (c, d) Radial
RFs stacked from stations along profile A-A’: (c) for western backazimuths (180°-360°), (d) for eastern backazimuths (0°-180°). (e, f) Same as (c, d),
but for profile C-C’. The black dot indicates the second phase of the split Pms, interpreted as a diffracted phase generated at the sharp Moho step. Other

symbols are consistent with those in Fig. 4.

4.4.1. Origin of split Pms phases

A step-like Moho geometry is proposed as the primary origin
of the split Pms phases; however, the potential contribution
of alternative mechanisms also needs to be evaluated. To as-
sess the origin of the secondary arrival, we conducted a series
of 2-D synthetic tests for (1) fault-zone scattering (Fig. S9 and
Text S2, M.A. Lewis & Y. Ben-Zion 2010), (2) shallow reverber-
ations (Text S3) and (3) crustal anisotropy (Text S4) as potential
alternative explanations. None of these models reproduced the
observed backazimuth-dependent Pms splitting, supporting our
interpretation of a step-like Moho geometry.

4.4.2. Frequency dependence of split Pms resolution

Wavefield simulations show that the incident P wave exhibits
different propagation patterns in the flat-Moho and step-Moho
models. In the flat-Moho model, the plane P wave is partitioned
into transmitted and reflected waves at the Moho without geo-
metric distortion (Fig. 8a). In contrast, the Moho-offset model

produces concentric distortion patterns around the step due to
diffraction at the Moho offset (Fig. 8b), which appear in the RFs
as split Pms phases.

Because the detectability of the secondary arrival in the split
Pms depends on both the step height and the frequency content
of the RFs, we evaluated the conditions under which the split
Pms phase becomes resolvable. We tested step heights from 1
to 6 km (1-km increment) by fixing the western Moho depth at
35 km (Fig. 8c).

Synthetic RFs were computed at a station located directly
above the step (slowness of 0.06 s km™!; incident angle of 20.4°),
using the same model parameters as in Fig. 2(b). Under the fil-
tering conditions used in this study (0.05-1.0 Hz bandpass fil-
ter; Gaussian filter width of 2.5), a ~5-km step produces two re-
solvable Pms arrivals, whereas a 2-km step does not. This indi-
cates that the western Moho offset, where split Pms phases are
predominantly detected, is likely on the order of 5 km, whereas
smaller offsets (~2 km) tend to produce Pms phases that are not
clearly separated into two independent peaks. Additional tests of
the Gaussian filter widths are provided in Text S5 and Fig. S10.
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Figure 6. Pms phases near 4 s in the radial RFs at stations N058, N111 and N044. The station locations are shown in Fig. 4(a). (a) RFs at station NO58,
showing a single Pms. (b, ¢) RFs at stations N111 and N044, respectively, both showing split Pms arrivals. The RFs in (a), (b) and (c) are stacked using 10°
backazimuth bins. (d, e) Non-stacked RFs at stations N111 and N044, respectively, for events from eastern backazimuth (0°-180°), sorted by slowness.
Black dots in (b), (c), (d) and (e) indicate the second phase of split Pms arrivals, interpreted as diffracted phases from Moho offsets. Stations N111 and

NO044 are located near the YSF and USF, respectively.
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Figure 7. Spatial distribution of FSA and ét. (a) Anisotropy measurements at selected stations. Bars represent the azimuth of the FSA and their lengths
indicate the §t. Measurements in Region 1, Region 2 and Region 3 are shown in red, blue and grey, respectively. Black open squares mark stations with
split Pms phases, interpreted as locations of Moho offsets. Squares with no anisotropy measurements exhibit JOF values less than 1.1 and §t less than
0.05 s. (b—d) Rose diagrams of FSA for (b) Region 1, (c) Region 2 and (d) Region 3. Radial axis indicates the number of measurements in each azimuth
bin. An example of joint analysis of radial and tangential RFs at station N167 is shown in Fig. S10 with optimal values of FSA = 175° and §t = 0.35s.
Additional examples from stations N138 and N128, which exhibit split Pms phases and were not used for interpretation, are presented in Fig. S11.

4.4.3. Slowness effects on the second peak amplitude of the split
Pms phase

In synthetic tests, we found that the second peak (A,) of
the split Pms phase exceeds the first peak (A;) under spe-
cific conditions. This behaviour occurs only at stations lo-
cated west of the Moho offset and for low-slowness cases (<

0.060 s km™!; Fig. 8d). Using a 5-km Moho offset model, syn-
thetic RFs computed at representative sites—located 2 km west
(Fig. 8d) and 2 km east (Fig. 8e) of the step—confirm that
A, > A is restricted to the western side of the step (Fig. 8d),
whereas stations east of the step consistently exhibit A; > A,
(Fig. 8e).
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Figure 8. 2-D modelling of split Pms phases. (a, b) Snapshot of plane P-wave propagation for a flat Moho at a depth of 30 km (Fig. 2a) and a step Moho
model (Fig. 2b), respectively. Black lines indicate the Moho geometry in each panel. Red and blue colours denote positive and negative polarities in the
radial component. Black arrows indicate the directions of the incident plane P waves. (c) Synthetic RFs computed for step heights ranging from 1 to
5 km with Gaussian filter width of 2.50. (d, e) Synthetic RFs computed at a station located 2 km west and 2 km east of the step, respectively, for slowness
values of 0.045-0.080 s km~! in increments of 0.005 s km~!. The synthetic RFs were generated using a model where the Moho shallows eastward from
33 to 28 km. (f, g) Comparison between observed and synthetic RFs for stations N017 and N139, respectively. The observed RFs are stacked using only
eastern-backazimuth events, and the synthetic RFs are obtained by stacking the RFs in panels (d) and (e). All synthetic RFs are generated using the
model parameters shown in Fig. 2(b). A; and A; of the stacked synthetic RFs in (f) and (g) are labelled.

We then examined whether this pattern is also present in
the observed RFs. Several stations indeed show a clear increase
in the proportion of traces with A, > A; at low slowness. To
assess statistical significance, we performed a one-sided z-test
at a significant level of 0.05 to compare the proportions of
A, > A, between the low- and high-slowness groups. These
stations are predominantly located west of the YSF (Fig. 3a,
red squares), consistent with the synthetic prediction that the
Moho offset lies to the east of these stations (Fig. 3a; Text
S6).

Although the synthetic tests predict A, > A; for all low-
slowness cases on the western side of the step, many observed
RFs still show A; > A, (Figs S11b, d and f). We attribute this
to the effect of 3-D structural complexities not captured by our
simplified 2-D model. Nevertheless, the statistically significant
enhancement of A, at low slowness indicates that the key am-
plitude behaviour predicted by the synthetics is also present in
the data (Fig. S11).

4.4.4. Amplitude and arrival-time comparison between observed
and synthetic receiver functions

We stacked the synthetic RFs, normalized by the direct P ampli-
tude, as shown in Figs 8(d) and (e), and compared these with
two representative observed RFs: one from a station exhibit-
ing A, > A; at low slowness (Fig. 8f) and the other that does
not (Fig. 8g). In both synthetic and observed stacks, the sec-
ond peak appears weaker because stacking mixes traces with dif-
ferent slowness values and slowness-dependent moveout of the
second peak leads to a reduction in A,.

We also note that the characteristics of the split Pms phases in
the synthetic RFs differ systematically across the step. Western
station shows smaller amplitude contrasts between A; and A,
and a shorter time separation between the two peaks (Fig. 8d),
whereas eastern station exhibits larger amplitude differences
and a wider separation (Fig. 8¢). We therefore assessed whether
this synthetic west-east contrast is likewise reflected in the ob-
served RFs.
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For station N017 (location shown in Fig. 3a), the observed RF
exhibits A, > A; at low slowness (Figs S11a and b), and the syn-
thetic RF computed for the western station reproduces both the
arrival times and amplitudes (A; = 0.10; A, = 0.06) with high
consistency (Fig. 8f). This agreement suggests that N017 is likely
located on the western side of the Moho step. In contrast, sta-
tion N139 (Fig. 3a) does not exhibit A, > A; at low slowness,
and its observed RF closely matches the synthetic RF generated
for the eastern station in both timing and amplitude (A; = 0.16;
A, = 0.05; Fig. 8g). This suggests that N139 is more plausibly lo-
cated on the eastern side of the Moho offset.

Taken together, the observed and synthetic RFs imply that a
~5-km Moho-offset geometry provides a coherent explanation
for the spatial patterns across the study area. Although a few
stations deviate from this behaviour, such variability is expected
given the 3-D structural complexities that are not represented in
our simplified 2-D model.

4.5. Crustal anisotropy

For interpretation, we divided the study area into three re-
gions. We applied linear fitting to the two station groups de-
scribed in Section 4.3—the western and eastern offset groups
(Fig. 4a)—to define the boundaries (Fig. S12). These boundary
lines, aligned NNE-SSW and NNW-SSE respectively, roughly
follow the trends of the YSF and USF. Region 1 (Fig. 7a, red) lies
west of the YSF, encompassing the JiF, MiRF and MoRF. Region
3 (grey) is east of the USF, including the YB and complex fault
systems. Region 2 (blue) is the wedge-shaped block between the
YSF and USF.

Anisotropy results are summarized in Fig. 7(a), where bar ori-
entation and length represent FSA and §t, respectively. In Re-
gion 1, FSAs predominantly trend NW-SE (~150°), particularly
in the northwestern and southern areas (Fig. 7b). In Region 2,
FSAs exhibit a N-S trend (175°) near the western side of the USF
(Fig. 7c). Region 3 shows more scattered FSA directions, gener-
ally trending NE-SW to E-W (45°-90°), with relatively larger 6t
values (>0.4 s) near 35.6°N-35.9°N and smaller values north-
west of the Ocheon Fault (OCF) (Fig. 7d). Average 5t values are
similar across the three regions: 0.33 s (Region 1), 0.30 s (Region
2)and 0.32 s (Region 3) (Fig. S14). While FSAs show clear spatial
variation, 8t does not vary significantly between regions.

5 DISCUSSION

5.1. Two-step-like Moho geometry

Our RF results reveal a two-step Moho geometry beneath the
southeastern Korean Peninsula, characterized by two distinct
vertical offsets. These offsets are spatially correlated with ma-
jor faults, suggesting their formation through fault movement
and reactivation under evolving tectonic regimes. Such stepped
structures provide valuable insights into the mechanisms by
which passive continental margins record and respond to ma-
jor tectonic events, particularly those involving a transition
from tensional to compressional stress regimes. However, these
step-like features are not well resolved in the H-« stacking
method (Fig. 3a), which assumes a locally flat Moho and av-
erages over an effective radius of ~8 km. This broad spatial
window—combined with the use of distance- and uncertainty-
based weighting factors—results in smoothing of the results.
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In contrast, station-based stacking, with ~4.5 km average spac-
ing, offers higher spatial resolution and better captures localized
Moho offsets.

5.1.1. Inferred Moho geometry from 2-D modelling

To investigate how the Moho offsets affect the spatial distribu-
tion of diffracted Pms phases, we conducted 2-D synthetic wave-
form modelling (T. Maeda et al. 2017). We assumed three dif-
ferent geometries (Figs 9a, ¢ and e), and corresponding syn-
thetic RFs calculated from eastern backazimuths are shown in
Figs 9(b), (d) and (f), respectively. The synthetic RFs for west-
ern backazimuths computed using the same geometries are pro-
vided in Fig. S15.

In all models, a common vertical Moho offset on the eastern
side was implemented as a sharp depth change from 28 to 26 km
at a horizontal distance of 10 km (Figs 9a, c and e). The western
Moho offset varies by model: a vertical step from 33 to 28 km
at —10 km (Fig. 9a), an oblique ramp from 33 to 28 km (Fig. 9c)
and a gently dipping ramp from 33 to 28 km (Fig. 9e). The crustal
and mantle properties were the same as those shown in Fig. 2(b).
The computational grid spacing was 0.2 km in both horizontal
and vertical directions. Synthetic waveforms were recorded at
virtual stations spaced at 1 km intervals along the surface. For all
simulations, we assumed an incident P wave with a fixed angle
of 19°, corresponding to a slowness of 0.056 s km™' from the
east.

The vertical step model (Figs 9a and b) produced diffracted
phases confined within a radius of ~2.5 km of the western
step, which is consistent with observations from the central and
southern parts of the study region. In these areas, stations show-
ing split Pms phases are concentrated within ~5 km of the
Moho offset, suggesting a steep, near-vertical step geometry. The
oblique-ramp model (Figs 9c and d) generates a broader distri-
bution of diffracted phases around the western offset, extend-
ing up to ~10 km. This model better explains observations in
the northern part of the study area (Fig. 3a; open squares with
an overlaid cross), where split Pms phases are detected up to
~10 km from the Moho step. Lastly, the dipping ramp model
(Figs 9e and f) produces little diffracted energy, suggesting that
such a gradual Moho transition is inconsistent with our observa-
tions. In all models, the eastern vertical step with a small offset
yields weaker diffracted phases (Figs 9b, d and f), consistent with
the observations. When combined with the RF stacking results,
the 2-D modelling provides a detailed characterization of Moho
geometry, highlighting its spatial variability and structural com-
plexity beneath our study region.

5.1.2. The western Moho offset

A distinct Moho offset is observed along the YFS in the GB
(Fig. 4a). The YSF, the major structure within the YFS, expe-
rienced both left-lateral and right-lateral strike-slip movements
due to changes in palaeo-stress regimes. During the Late Creta-
ceous to early Cenozoic, NW-SE compressional stress induced
left-lateral strike-slip motion (H. Cho et al. 2016). Subsequently,
during the Eocene to Oligocene, NE-SW compression resulted
in right-lateral strike-slip movement (Fig. 10a). This later phase
of deformation overprinted the earlier left-lateral system (Y.
Cheon et al. 2019, 2020), resulting in the present-day ~20-30 km
horizontal offset observed along the fault (B.H. Hwang et al.
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Figure 9. 2-D modelling results for different Moho geometries. (a, c, €) Three Moho offset models: (a) vertical Moho, (c) oblique ramp Moho and (e)
dipping ramp Moho. Upper layers represent the crust, and lower layers represent the mantle. All models use the same velocity model in Fig. 2(b).
Moho offsets are located at horizontal distances of —10 and 10 km, where the Moho depth changes sharply from 33 to 28 km, and from 28 to 26 km,
respectively. (b, d, f) Synthetic radial RFs calculated from eastern backazimuths for the corresponding models: (b) vertical Moho, (d) oblique ramp

Moho and (f) dipping ramp Moho.
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Figure 10. Schematic diagrams illustrating the tectonic evolution and associated Moho offset deformation. (a) Dextral strike-slip movement along the
NNE-SSW striking YSF under NE-SW compressional stress, producing a 20-30 km offset and forming a crustal weak zone. (b) During the backarc
opening, oblique extension was localized along this pre-existing weak zone, inducing ductile deformation and generating the Moho offset near the YFS.
Small pull-apart basins and eastwards crustal thinning also developed. (c) Following the East Sea opening, compressional reactivation of the weak zone
formed a thrust fault along the USF. Passive mantle upwelling and uplift near the USF led to an additional Moho offset. Coloured arrows show the

directions of crustal anisotropy in Region 1, Region 2 and Region 3.
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2007,2008; Y. Cheon et al. 2019, 2020). Such long-term strike-slip
faulting is known to promote the development of weak zones
through strain localization (Y. Finzi et al. 2011), grain-size reduc-
tion (C.G. Sammis & Y. Ben-Zion 2008), and hydrothermal alter-
ation along fault cores (D.R. Faulkner et al. 2010; B. Marchesini
et al. 2025). Drill-core analyses from the YSF support this, re-
vealing fluid-assisted alteration and hydrothermal reactions that
weakened the fault core (C.M. Kim et al. 2022).

The tectonic regime later transitioned from compression to
tension, due to the initiation of slab rollback of the Pacific
Plate during large-scale backarc extension, resulting in NW-SE-
oriented extension, which is oblique to the NNE-SSW-striking
YSF (Y.-I. Otofuji & T. Matsuda 1983; S. Lallemand & L. Jo-
livet 1986; M. Son et al. 2015). Such oblique extension enhanced
ductile deformation and concentrated stress on the pre-existing
weak zones (S. Brune et al. 2012), facilitating ~5 km Moho depth
changes along the YFS (Fig. 10b). A notable Bouguer anomaly
contrast across the YSF (S. Choi et al. 2023) is generally consis-
tent with the presence of the Moho offset observed in this study.

Oblique extension does not necessarily lead to normal fault-
ing. When the extension direction is oriented closer to the strike
of a pre-existing weak zone than to its normal, shear deforma-
tion can become dominant, focusing strain along the central por-
tion of the weak zone (M.O. Withjack & W.R. Jamison 1986; A.
Agostini et al. 2009; S. Brune et al. 2012). In this context, shear
localization along the YSF could have contributed to the de-
velopment of the observed Moho offset, although this mecha-
nism cannot be uniquely confirmed. This interpretation is sup-
ported by the absence of clear geological evidence for significant
Miocene normal-slip displacement along the YSF, including the
lack of adjacent Miocene basin fills (Y. Cheon et al. 2019). In
addition, the steep dip of the YSF (>80°) suggests that any ex-
tensional component during oblique extension would have been
limited. Accordingly, while we cannot fully rule out other pro-
cesses, normal faulting alone appears unlikely to account for the
Moho offset near the YSF.

5.1.3. The eastern Moho offset

The eastern Moho offset is located adjacent to the western
boundary of the YB, which underwent clockwise rotation dur-
ing the backarc opening (M. Son et al. 2015; A. Van Horne et al.
2017; Y. Cheon et al. 2023). During the backarc opening in the
Miocene, the crust in this region underwent significant thinning
of ~7 km due to tensional stress (S. Park & T.K. Hong 2024), as
indicated by the shallower Moho depth beneath the eastern mar-
gin (Fig. 3a). Following the cessation of the backarc opening, the
regional stress regime inverted to compression. As a result, the
weak zone formed during the backarc extension was reactivated
as a low-angle thrust fault (Figs 10b and c), forming the present-
day USF (J.-H. Ree et al. 2003; N. Kim et al. 2023; Y. Cheon et
al. 2023). The vertical uplift of the YB, as the hanging wall of the
USF, may have contributed to the uplift of the underlying Moho,
resulting in the observed offset (Fig. 10c). This interpretation is
further supported by a large Bouguer anomaly (>50 mGal) in
the YB region (S. Choi et al. 2023), indicating the presence of
uplifted, dense mantle material and an associated rise in Moho
depth.

Our study identifies Moho offsets within the stable continen-
tal crust of the southeastern Korean Peninsula, far from any ac-
tive plate boundary. While most studies in other regions have
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reported relatively large offsets (~10 km) from teleseismic RF
methods (Z. Yan & R.W. Clayton 2007; D. Shi et al. 2009; V.
Schulte-Pelkum & Y. Ben-Zion 2012), the exceptionally dense
station coverage of the GHBSN allowed us to detect smaller scale
Moho offsets (2-5 km), providing unprecedented resolution of
crustal structures in this passive margin setting. Such small-
scale Moho structures, resolvable only by dense seismic arrays,
offer valuable constraints for interpreting tectonic histories pre-
served in stable continental crust. Our findings thus provide a
useful comparative framework for understanding lithospheric
deformation and tectonic evolution beyond regions near active
boundaries.

5.2. Crustal seismic anisotropy

Based on the observations of Moho offsets near the YFS, our
crustal anisotropy measurements further highlight the complex
interactions between fault movements and past tectonic events
in the region. The dominant FSAs in Regions 1 and Region 2,
oriented in NW-SE and N-S directions, respectively (Figs 7b and
¢), do not align with the present-day ENE-WSW maximum hori-
zontal compressional stress (Y. Park et al. 2006; I. Soh et al. 2018).
This discrepancy indicates that the observed FSAs are unlikely
to represent stress-induced anisotropy, as such anisotropy typi-
cally develops parallel to the direction of maximum horizontal
compressional stress (N.L. Boness & M.D. Zoback 2006). Instead,
these patterns are better explained by fossil anisotropy, pre-
served from past tectonic regimes, particularly the shear stress
associated with the backarc extension during the Miocene.

In Region 1, the NW-SE orientation of the dominant FSA is
consistent with the tensional stress direction during the backarc
extension (Y. Cheon et al. 2012, 2023; M. Son et al. 2015; X.
Liu & D. Zhao 2016), suggesting that crustal deformation and
mineral alignment from that period have been retained. In Re-
gion 2, the FSAs are oriented slightly clockwise relative to Re-
gion 1, likely reflecting the combined effects of fossil anisotropy
and fault structure-related anisotropy, where mineral or crack
alignment along fault zones has modified the anisotropic fab-
ric (N.L. Boness & M.D. Zoback 2006). A similar interpretation
has been proposed for the central North China Craton, partic-
ularly along the boundary between the northern Yanshan Up-
lift and the southern Bohai Bay Basin, where RF data revealed
crustal anisotropy attributed to fossil fabrics formed during
Mesozoic lithospheric extension (T. Zheng et al. 2019). Similar
fossil anisotropy patterns associated with past rifting episodes
have also been documented in other extended continental re-
gions, such as the Somaliland rift basins, where RF-based mea-
surements revealed anisotropic fabrics aligned with the Late
Jurassic extension event (M.Y. Ali et al. 2023).

In contrast, Region 3 exhibits scattered FSAs (Fig. 7d), in-
dicative of a more complex tectonic history. This region, pre-
dominantly composed of Miocene-aged rocks, was strongly in-
fluenced by magmatism, sedimentation and formation of pull-
apart basins such as the Pohang Basin, which is bounded by
the OCF (Y.K. Sohn 2000; Y. Cheon et al. 2012). The relatively
younger lithology and complex fault structures likely disrupted
the preservation of fossil anisotropy. The scattered anisotropy
observed in this region appears to reflect the present maximum
horizontal compressional stress direction and localized defor-
mation (J.-H. Ree et al. 2003; Y. Park et al. 2006; 1. Soh et al.
2018). These contrasting anisotropy patterns between regions
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suggest that the GB and YB experienced different deformation
behaviours during the backarc extension.

5.3. Average crustal Vp/Vy

The crustal Vp/V ratio is widely regarded as a proxy for crustal
composition and physical properties. Rocks with higher silica
content generally exhibit lower Vp/Vs, with felsic composition
typically showing lower values and mafic rocks higher ones (N.I.
Christensen 1996). In our study region, the average V»/V ratio is
1.82, which exceeds the global continental average of 1.77 (N.I.
Christensen & W.D. Mooney 1995), indicating mafic enrichment
of the crust possibly associated with the Miocene backarc open-
ing. Previous studies have also reported higher Vp/Vs in this re-
gion compared to other regions of the southern Korean Penin-
sula. For instance, S.J. Chang & C.E. Baag (2007) reported a
crustal average of 1.81, while E. Jo & T.K. Hong (2013) attributed
an upper crustal estimate of 1.75 to the presence of volcanic or
volcaniclastic rocks.

In addition to the high average value, our high-density seismic
network reveals localized variations in Vp/ Vs ratios that further
indicate crustal heterogeneity (Fig. 3b). Specifically, we identi-
fied two distinct anomalies: a low Vp/Vs anomaly (<1.73) and a
high Vp/Vs anomaly (>1.85). A prominent low Vp/Vs anomaly
is observed near the intersection of the YSF and USF, corre-
sponding closely with a low-density zone identified in a previ-
ous gravity survey, attributed to the lower density of the gran-
ite compared to the surrounding sedimentary rocks (S. Choi et
al. 2023). This low Vp/Vs value is consistent with laboratory-
determined Vp/Vy values for felsic rocks such as granite, which
typically range from 1.70 to 1.71 under crustal pressure condi-
tions (N.I. Christensen 1996). Notably, the low V»/Vs zone also
encompasses the epicentral regions of the M;, 4.2 earthquake
on 1997 June 26 (T.W. Chung & W.H. Kim 2000), and the My,
5.5 earthquake on 2016 September 12 (Y. Kim et al. 2017)—
the largest instrumentally recorded earthquake in the Korean
Peninsula (Fig. 3b; labelled 1 to 4). These M > 4 events occurred
within a region of low V»/Vg, suggesting a relatively rigid crust
that is more likely to accumulate elastic strain over time and
release it through large-magnitude brittle failure (O. Katz & Z.
Reches 2004; S. Zertani et al. 2025).

Conversely, elevated Vp/Vs anomalies in our study area may be
attributed to several factors. First, high surface heat flow, partic-
ularly along the YFS, may thermally weaken the crust and re-
duce Vs (H.C. Kim & Y. Lee 2007; Y. Lee et al. 2010; H. Li et al.
2022). Secondly, complex fault structures and high fault density
in certain areas can lead to pervasive fracturing, which also re-
duces V and elevates Vp/Vs values (P. Ding et al. 2019; K. Kim et
al. 2023). Thirdly, mafic compositions, as evidenced by basaltic
outcrops in the YB region (S.-H. Shim et al. 2011; H.O. Choi et
al. 2013), may locally increase Vp/Vy ratios. These features likely
reflect long-term modifications inherited from past tectonic pro-
cesses, such as magmatism and backarc extension.

In our study region, two high Vp/Vs anomalies are identified:
one near the MiRF and MoRF in the west of the YSF, and an-
other within the YB (Fig. 3b). The western anomaly coincides
with zones of elevated heat flow (>90 mW m~2; H.C. Kim &
Y. Lee 2007; Y. Lee et al. 2010) and fracture zones (K. Kim et
al. 2023), both indicative of thermally and mechanically weak-
ened crust. The YB anomaly corresponds to weak zones associ-
ated with the Miocene backarc extension and later reactivated

under compressional stress (J.-H. Ree et al. 2003; K. Kim et al.
2023; Y. Cheon et al. 2023). This weakened crust may explain
the concentration of microseismicity in this area (J.U. Woo et al.
2019; D. Heo et al. 2024). In addition, mafic lithologies exposed
in the YB (S.-H. Shim et al. 2011; H.O. Choi et al. 2013) likely
contribute to the elevated Vp/Vy values.

6 CONCLUSIONS

We conducted high-resolution P-RF imaging using the dense
broad-band seismic network to investigate the crustal structure
of the southeastern Korean Peninsula and its links to past tec-
tonic events and present-day seismicity. Our results reveal two
distinct Moho offsets associated with Miocene backarc exten-
sion and subsequent fault reactivation, highlighting significant
lateral variability in the crust. Crustal anisotropy shows spa-
tially heterogeneous patterns: fossil anisotropy aligned with past
tensional stress is preserved in the older Gyeongsang Basin,
while the younger Yeonil Basin exhibits a combination of fos-
sil and present-day stress-induced anisotropy. Spatial variations
in Vp/Vs ratios further indicate compositional heterogeneity and
fault-related fracturing, with low Vp/Vy zones corresponding to
relatively rigid crust where M > 4 earthquakes are concentrated,
and high V»/Vs anomalies associated with mechanically weak-
ened regions hosting microseismicity. Taken together, these ob-
servations demonstrate that extension-related deformation and
inherited heterogeneity are preserved in the crust of this fossil
backarc system, imprinting a structural and mechanical frame-
work that governs the distribution and occurrence of present-
day earthquakes.

SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. Change in sensor misorientation at station N009
(a) RFs calculated using previously reported misorientation an-
gles for each time window (M.-S. Seo et al. 2022). After 2022,
the tangential RFs show larger amplitudes than the radial RFs
at P-wave arrivals, suggesting a possible change in sensor orien-
tation. (b) RFs recalculated after applying an updated orienta-
tion correction, estimated by a teleseismic waveform-based grid
search. The misorientation angle after 2022 is estimated as 66.4°.
(c) Summary table showing temporal changes in misorientation
angles at station N009.

Figure S2. Synthetic radial and tangential RFs for isotropic
and anisotropic crust models. (a) Radial and tangential RFs for
the isotropic crust. The Pms phase appears at 3.8 s on the radial
RFs with no variation in lagtime, while the tangential RFs show
no energy. (b) Synthetic RFs for an anisotropic crust model, con-
structed by introducing a fast symmetric axis (FSA) oriented at
0° azimuth and a peak-to-peak anisotropic strength of 6 per cent
to the isotropic model shown in Fig. 2(b). (c) Inversion results for
the anisotropic models in (b), showing optimal estimates of FSA
azimuth and delay time (8t) based on four objective functions
defined in H. Liu & F. Niu (2012): ‘max(RCOS)’, ‘max(RCC)),
‘min(T energy)’ and ‘JOF’. The white symbol X’ indicates the op-
timal combination of FSA and §t.

Figure S3. Examples of H-« stacking results for stations N051
and N117. (a) Estimates of H(33.3+1.0km) and « (1.76 £0.03) at
station NO51. (b) Estimates for station N117 (H = 27.8 1.3 km;
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« = 1.80 £0.05). (c) Lagtimes of the Pms, PpPs, and PpSs + PsPs
phases calculated from the H and « on the radial RFs at station
NO51. Black lines represent uncertainties in the optimal Moho
depth and « (or Vp/Vs). (d) Same as (c), but for station N117.
ti, t, and t; indicate arrival times of Pms, PpPs and PpSs + PsPs
phases, respectively. Station locations are shown in Fig. 3(a).

Figure S4. Station-stacked radial RFs for different backaz-
imuth ranges along profiles B-B" and D-D'. (a, b) RFs stacked
from western and eastern backazimuths, respectively, along pro-
file B-B'. (c, d) Same as (a, b), but for profile D-D’. Symbols are
consistent with those used in Figs 4 and 5.

Figure S5. Additional examples of split Pms phases at stations
showing similar patterns to N111 (Fig. 6b). (a—d) Backazimuth-
binned stacked RFs at stations N006, NO13, N012 and N028, re-
spectively. All stations show clear split Pms phases. Dots indi-
cate diffraction phases, consistent with those shown in Fig. 5(b).
These stations are located near the YFS, and the observed split
Pms phases are interpreted as diffraction generated by sharp
Moho offsets.

Figure S6. H-« stacking result for 1-D synthetic RFs. (a) Ve-
locity model used in the calculation. The Moho depth, average
crustal Vp and Vp/Vs were assumed to be 30 km, 6.3 km s~ and
1.73, respectively. (b) Synthetic RFs sorted by slowness. (c) H-«
stacking results obtained from the RFs shown in (b).

Figure S7. H-« stacking results for 2-D synthetic RFs gen-
erated by an eastern-incidence plane wave. (a) Velocity model.
The Moho depth, average crustal Vp and Vp/Vs were assumed
to be 30 km, 6.3 km s™* and 1.73, respectively. (b) Synthetic RFs
sorted by slowness. (c) H-« stacking results obtained from the
RFs shown in (b).

Figure S8. Crustal anisotropy measurements from the joint
analysis of radial and tangential RFs at stations (a) N138 and (b)
N028, which show split Pms phases.

Figure S9. Synthetic RFs for the model including a fault frac-
ture zone. (a) Velocity model used for the calculation. (b) Syn-
thetic RFs for western-incidence plane waves. (c) Synthetic RFs
for eastern-incidence plane waves. All synthetic RFs were calcu-
lated for a slowness of 0.050 s km~1.

Figure S10. Synthetic RFs for different step heights and Gaus-
sian filter widths (GFWSs). For the step heights of 1-6 km, the
GFW was varied as (a) 4.0, (b) 3.5, (¢) 3.0, (d) 2.5, (e) 2.0 and (f)
1.5.

Figure S11. Observed RFs and statistical analysis of ampli-
tude ratios. (a, c, €) RFs observed at stations N017, N138 and
NO038, respectively. Synthetic RF is the stack of the synthetic RFs
shown in Fig. 8(d). Blue histograms indicate the number of RFs
in each slowness bin for eastward backazimuths, while orange
histograms show those satisfying A, > A;. (b, d, ) correspond
to stations N017, N138 and N038, respectively, with the propor-
tions of traces exhibiting A, > A; at low (< 0.060 skm™!) and
high (> 0.060 s km™!) slowness, annotated above each plot. (g)
Observed RF at station N139 which does not satisfy A, > A;, and
the stacked synthetic RF shown in Fig. 8(e). All stacked synthetic
RFs are normalized by the direct-P amplitude before stacking.
(h) Spatial distribution of stations showing a statistically sig-
nificant enhancement of A, at low slowness (p-value < 0.05),
marked by squares with bold outlines. Colours indicate the p-
values obtained from the z-test at each station.

Figure S12. Linear-fit boundaries separating station groups.
The two solid lines delineate linear-fit boundaries that sepa-
rate the western, central and eastern station groups used for the
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crustal anisotropy analysis. Open squares indicate stations ex-
cluded from the anisotropy measurements. Station symbols fol-
low the conventions in Fig. 7.

Figure S13. Anisotropic inversion results from station N167
(Fig. 7a). (a-d) Inversion results for the azimuth of FSA and 5t
using the following schemes: (a) ‘max(RCOS)’, (b) ‘max(RCC)),
(c) ‘min(T energy)’ and (d) ‘JOF’ Polar plots display the FSA
as the azimuthal coordinates (in degrees) and §t as the ra-
dial coordinates (in seconds). The optimal values (FSA = 175°,
8t = 0.35 s) are marked with a white X’ (¢) Radial RFs. Dot-
ted lines indicate Pms arrival times, calculated from synthetic
RFs generated using the velocity model in Fig. 2(b) and the op-
timal anisotropic parameters from (d). (f) Tangential RFs. Black
‘X’ symbols indicate polarity reversal nodes derived from syn-
thetic RFs based on the same anisotropic parameters and veloc-
ity model.

Figure S14. Delay time distributions for (a) Region 1, (b) Re-
gion 2 and (c) Region 3. Histograms are plotted with a bin size
of 0.1 s. Black lines indicate average delay times for each region,
calculated as 0.33, 0.30 and 0.32 s, respectively. Colour schemes
for each region correspond to that used in Fig. 7.

Figure S15. 2-D modelling results for three Moho geometries:
(a) vertical Moho, (c) oblique ramp and (e) dipping ramp. Up-
per and lower layers represent crust and mantle, respectively. All
models use the same velocity structure as in Fig. 2(b). Moho off-
sets are located at horizontal distances of —10 and 10 km, where
the Moho depth changes sharply from 33 to 28 km, and from
28 to 26 km, respectively. (b, d, f) Synthetic radial RFs calcu-
lated for western backazimuths for the corresponding models:
(b) vertical Moho, (d) oblique-ramp Moho and (f) dipping-ramp
Moho.

Table S1. Station information of the GHBSN used in this
study. The table lists the station codes, operational periods, loca-
tions and elevations of the broad-band seismic stations. Latitude
and longitude are provided in decimal degrees. The information
reflects the station status as of 2024.

Table S2. List of six stations with misorientation angle
changes exceeding 20° relative to previously reported orienta-
tion estimates (M.-S. Seo et al. 2022). The ‘Valid From’ col-
umn indicates the earliest date from which corrected orienta-
tions were applied. Because the estimates are based on a tele-
seismic waveform method, each correction was applied follow-
ing the occurrence of a teleseismic event (My > 5.8); therefore,
the listed dates may differ from the actual onset of misorienta-
tion changes. The corrected orientation values were used in RF
calculations up to October 2023.
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DATA AVAILABILITY

Raw data and receiver functions are available in Zenodo, at
https://doi.org/10.5281/zenodo.15726512 (M. Kim, H. Lim &
Y. Kim. 2025). Data pre-processing was conducted using Seis-
mic Analysis Code (SAC) (https://ds.iris.edu/ds/nodes/dmc/s
oftware/downloads/sac/), and ObsPy (https://github.com/obs
py/obspy). We used SeisPy for calculating and processing re-
ceiver functions (M. Xu & J. He 2022; https://github.com/x
umil993/seispy). Figures were created using Matplotlib (J.D.
Hunter et al. 2007; https://github.com/matplotlib/matplotlib).
Maps were created through PyGMT (P. Wessel et al. 2019; D.
Tian et al. 2024; https://github.com/GenericMappingTools/pyg
mt). Synthetic receiver functions were generated using Raysum
(https://home.cc.umanitoba.ca/~frederik/Software/) for the 1-
D velocity model, and OpenSWPC (https://github.com/OpenS
WPC/OpenSWPC) for the 2-D velocity model. The lithology
information was derived from the 1:1000 000-scale Geological
Map of Korea (W.-S. Kee et al. 2019; https://data.kigam.re.kr/dat
a/d1a66b54-0541-4830-9b7f-0ea847430643?lang=en), and the
fault and geological boundary datasets were obtained from the
1:250,000-scale Digital Geological Map of Korea (J.-C. Kim et al.
2002 ;https://data.kigam.re.kr/data/ac9b5c66-1768-447a-b28d-
0eb0111ea401?lang=en), both provided by the Korea Institute
of Geoscience and Mineral Resources (KIGAM).
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